INTRODUCTION
Adhesion of bacteria to metallie surfaces is commonly observed in the food industry [1-5J. Bacterial adhesion is an important source of potential contamination for any food and leads to significant economic and hygienic problems. As a consequence, proper cIeaning is essential to eliminate the biological contamination. However, chemieal products used for cIeaning may markedly modify the characteristics of the solid surface under consideration (surface free energy and, consequently, wettability) [6] [7] [8] . These modifications can affect subsequent and renewed bacterial adhesion. Numerous studies have been reported on bacterial adhesion to polymerie or glass surfaces dealing with the relationship between t~e number of adhering bacteria and the wettability or surface free energy of solids [9-11 J. Many investigations on the fundamental mechanisms governing bacterial adhesion to solids have shown the utility of thermodynamic approaches to predict the adhesion [12-15J. The aim of this study was to investigate the influence of metallic surface wettability, expressed in terms of the surface free energy, achieved after different cIeaning treatments on bacterial adhesion. The goal was to develop cIeaning processes for stainless steel that reduce or prevent bacterial adhesion. The substrates studied were AISI 304 stainless steel with 2B and 2RB finishes, which 8To whom correspondence should be addressed.
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is the most common mate rial used in industrial equipment manufacturing or in domestic uses such as sinks and cutlery. The hacteria studied was StreplOCoccliS thermophil/ls, a well-known contaminant strain of heat exchanger plates in the dairy industry [2, 3] .
MATERIALS ANDMETHODS

Bacterial strain and growth conditions
Streptococcus thermophilus B was isolated from heat exchanger plates in the downstream section of the regenerator of a pasteurizer kindly provided by Dr A. H. Weerkamp (NIZO, Ede, The Netherlands).
Freeze-dried cells were suspended in 1 ml of MRS broth [16] supplemented with 1% sucrose (Merck, Darmstadt, Germany). This suspension was used to inoculate fresh medium (9 m!), which was kept for 24 h at 37°C.
This culture was used to inoculate a second culture which was grown for 16 h and then harvested by centrifugation for 15 min at 8400 g and washed in sterile doubly distilled water (Filtron apparatus). A concentration of 3 x JOHcells per ml was used for adhesion experiments.
Solid surfaces
Solid substrates selected for this study included AISI 304 stainless steel with 2B and 2RB finishes. The metallic solids are always characterized by a thin oxidehydroxide film covering the bulk metal known as the 'passive film' [17] .
The final surface condition (2B and 2RB) depends heavily on the finish steelmaking process. Stainless steel cold-rolled sheets are generally heat-treated to attain suitable mechanical properties.
2B finish stainless steel is obtained after an oxidizing annealing, followed by a chemical pickling treatment. This pickling treatment aims to remove the chromium/iron scale formed during the heat treatment. ln addition, since the pickling medium is an aqueous solution, the passive film first forms at the end of the pickling process. Further exposure to ambient atmosphere, which also contains ambient water, completes the film formation.
On the other hand, for the 2RB finish, pickling treatment can be avoided when the annealing atmosphere is not oxidizing, i.e. when its oxidizing power is less than the critical thermodynamic value needed to form a stable oxide. It can be obtained in hydrogen (or possibly N2+ 3 H2) atmosphere with a low enough dew point. Under these conditions no thick oxide scale is formed, but a thin passive film appears whose properties depend on the annealing atmosphere dew point [18] . The higher this dew point (remaining below the critical value), the greater the hydroxide character of the film willbe.
The 2B and 2RB surfaces were extremely smooth and possessed a stylus surface roughness of 0.08 and 0.02 }lm, respectively.
Solid cleaning treatment.
The steel surfaces~ere cleaned according to one of the following treatments: (i) soaked in a solvent (95% ethanol; acetone; or acetone-95% ethanol, 50:50) for 10 min;
(ii) soaked for 10 min at 5{)OC in 2% (v/v) solution of a commercial surfactant RBS 35 (Société des Traitements Chimiques de Surface, Lambersart, France),-rinsed for 25 min in MiIIi-Q doubly distilled water (Millipore apparatus) at 50°C. and rinsed five times in 500 ml of doubly distilled water at room temperature; (iii) soaked in a NaOH (0.5 M) solution at 65°C for 10 min, rinsed for 25 min in doubly distilled water at room temperature, soaked in a HNO) (0.2 M) solution at 70°C for 5 min and rinsed for 25 min in doubly distilled water; (iv) soaked in a NaOH (0.5 M) solution at 65°C for 10 min, rinsed for 25 min in doubly distilled water at room temperature, soaked in a HN03 (4 M) solution at 70°C for 5 min, and rinsed for 25 min in doubly distilled water.
Bacteria/ surface free energy, YB
Contact angles were measured on bacterial lawns by the sessile drop technique using diiodomethane, formamide, glycerol, water, and mercury. AU contact angles reported were taken after 1-4 h drying of bacterial deposits on membrane filters in order to obtain physiologicaUy relevant, so-caUed plateau, contact angles [19] . The bacterial surface free energy (YB) was estimated from contact angle measurements by the least-squares fitting of data to [19, 20] 
in which yd denotes the Lifshitz-van der Waals interactions inc1uding London, Debye, and Keesom interactions; and yP denotes the polar interactions [21] . .1fe denotes the spreading pressure and is determined from contact angle measurements with mercury as described previously [20] .
So/id surface free energy, Ys
The solid surface free energy was determined from contact angle measurements using a two-liquid phase system [22] which can be used for both high and low surface free energy solids [23] . It is worth pointing out that this method leads to the determination of the surface free energy of a bare solid, Le. not modified by molecular adsorption (Ys) [23] .
For contact angle measurements !Jsing several n-alkanes, a plot of YL-YH+ YLH cos 8SL against (yV 1/2-(y~) 1-2should give a straight line with scope 2(y~)1/2and intercept 2(y~yD'12.
Immediately after cleaning of the steel samples, a water or formamide droplet was released on the solid surface dipped in the n-alkane by means of a mierosyringe. The contact angle was measured directly with a Krüss goniometer. Briefly, for a higher precision in contact angle measurements [24] , water is preferentially used on hydrophilic surfaces and formamide on more hydrophobie surfaces.
Liquid surfacefree energy,y L
The energetic characteristics of pure liquids (hydrocarbons. diiodomethane, formamide, water, and mercury) and hydrocarbon-water or hydrocarbonformamide interfaces were obtained from literature data [25] .
/ll/erfacialfree ellergyof adhesion, LIF'lrllr
The interfacial free energy of adhesion was calculated employing the formula /1Fadh = Yso -YLB -YSL' (2) where Ysois the solid-bacteria interfacial free energy. YLO is the liquid-bacteria interfacial free energy. and YSL is the solid-liquid interfacial free energy.
A negative value for /1Fadhdenotes thermodynamically favourable conditions for bacterial adhesion to solids. The interfacial free energy between the bacterium. solid. and liquid was computed according to the geometric mean equation [26] . The interfacial free energy between two materials (1 and 2) can be calculated according to the following equation:
where yddenotes the Lifshitz-van der Waals interactions [19] and yPdenotes the polar interactions including ionic. hydrogen, covalent, and metallic interactions.
Bacteria/adhesion experiments
A volume of 30 ml of bacterial suspension was incubated with the substrate for 3 h at 37°C. After the incubation, steel surfaces were washed for 15 min with a sterile water flow system (Filtron apparatus).
Adherent bacteria remaining on the surfaces after water rinsing were coloured with a 0.01% acridine solution and counted on 100 epifluorescence microscope fields which corresponded to 1.5 x 10-2 mm2. Results are expressed as the number of adhering bacteria per mm2. Tables 1 and 2 summarize the surface free energies (Ys, Y~, and Y~)obtained for the 2B and 2RB surface finishes after various cleaning treatments. Except for acetone or alkaline detergent cleaning, the 2B and 2RB surfaces have equivalent values of Ys.Stainless steel surfaces are hydrophilic after an alkaline detergent or HNOJ (4 M) solution cleaning; the surface free energies are over 100 ml m-2. By contrast, a stainless steel surface cleaned with a solvent or a HNO.1 (0.2 M) solution is more hydrophobie, and the polar component can be neglected for practical applications. 
RESULTS
3.J. Solid surface free energy
Bacterial surface free energy
Contact angle measurements on bacterial lawns are reported in Table 3 . For completeness, it should be noted that the standard deviations in contact angles amounted to approximately 3°for the bacterial lawns. It is worth pointing out that the contact angle measurements are not significantly different from data obtained in the literature [ 14] . The total (YB)surface free energy of Streptococcus thermophilus taking the spreading pressure (He) into account was estimated to be 105.1 mJ m-2:t 6.7 (y3 = 95.7 mJ m-2:t 5.5 and y&= 9.4 mJ m-2:t 1.2), whereas neglecting He' YB was estimated to be 54.8 mJ m -2 :t 4.6 ( Y3 = 24.4 mJ m -2:t 1.5 and Y&= 30.4 mJ m-2:t 3.1). These results are in accord with data obtained on various oral streptococci [14, [29] [30] [31] [32] . The difference betWeen the tWo values of )'B corresponds numericaUy to the calculated spreading pressure Hein accordance with the thermodynamic definition. The spreading pressure must be accounted for if adhesion is to be related to YBand Ys,the surface free energies of bacteria and solid not modified by adsorption. Figure 1 presents the number of adhering bacteria N as a function of the solid surface free energy Ys.It can be seen that there is no direct relation between the number of adhering bacteria and )'S or the wettability of the solid, since for a given value of N, a range of surface free energies can be observed. However, if we Table3.
Bacteria/adhesion
Contact angles (in degrees) measured witb pure liquids' on bacteriaJ lawns involved in tbis study ( regard separately the results obtained on apolar surfaces (Y~=0, corresponding to the first part) and those obtained on polar surfaces (Y~> 0, corresponding to the second part), then in both parts it is obvious that the number of adhering bacteria increases with Ys. The theoretical free energies of adhesion AFadhcalculated for S. thermophilus adhering from water ( Fig. 2) to various solids are given as a function of Ys;AFadh was computed firstly with YBaccounting for the spreading pressure, 1re(squares) and secondly with YBneglecting 1re (circles). ln ail cases, AFadhis negative, predicting that the adhesion of S. thermophilus is thermodynamically favourable.
However, when the spreading pressure is neglected in YB'no variation in the adhesion of S. thermophilus to apolar solids is expected to occur with an increase of Ys,and the adhesion to polar surfaces is expected to decrease with an increase of Ys.On the contrary, when the spreading pressure is accounted for in YB' the adhesion of S. thermophilus to both apolar and polar surfaces is expected to increase with Ys. 4 . DISCUSSION ln this study, the wettability of 2B and 2RB stainless steel surfaces, expressed in terms of the surface free energy, has been evaluated for different cleaning treatments. Subsequently, we studied the influence of the wettability on bacterial adhesion.
Influence of the cleaning treatment on the stainless steel surface free energy
Generally speaking, metallic materials which are covered with a thin oxide film exhibit a high surface energy [24, 27] . As for stainless steel, it can be seen in .. Tables 1 and 2 that after various cIeaning processes both 2B and 2RB surfaces exhibit high and low surface free energies. Surfaces cIeaned with an aIkaline detergent or a HNO., (4 M) solution are hydrophilic, while they are relatively hydrophobie with the other treatments. Alkaline detergent cIeaning is the only one which gives very high values of Ys. ln this case, the 2RB surface is more hydrophilic than the 2B one. This result can be explained by differences in film composition due to the finishing processes [17] . It is weil known that 2RB passive films are richer in the more oxidizable elements (chromium. silicon, etc.) contained in the steel than the 2B ones and that 2RB provides more hydrated (and/or containing more hydroxides) and thicker films than 2B, at least when the annealing dew point is close to the critical dew point. which is the casé in industrial processes.
Degreasing metallic surfaces with an organic solvent (ethanol. acetone. and ethanol/acetone) provides hydrophobie surfaces. For the solvents under consideration, Ys ranges from 34.4 to 47.2 ml m-2 for the 2B finish and from 45.1 to 62.1 ml m2 for the 2RB finish. Comparable values were obtained by Berger [33] on iron alloys and electrogalvanized steel cIeaned with acetone (50.4 and 34.0 mJ m-2, respectively). These low surface free energy values correspond to the values obtained for polycarbonate surfaces and can be explained by adsorption of solvent molecules and/or a grease spreading; this surface contamination has been produced during the rolling process of steel sheets. Acetone cleaning is more efficient on the 2RB surface than on the 2B one. However. cleaning metallic surfaces with organie solvents is ineffective and leads to organic fouling.
Cleaning the surface with a HN03 aqueous solution can have various effects depending on the nitrie acid concentration and can lead to hydrophobie or hydrophilie surfaces (Tables 1 and 2) . It is weil known that nitrie acid aets both '.
(aJ/.1) as an acid and as an oxidizing agent [17] . When the acid concentration is relatively low (say, typieally less than 1 M), the oxidizing power is not sufficient to stabilize the surface in the passive state [17] . The passive film dissolves quiekly in the acid medium and the surface is said to be active [17] . On the other hand, at a higher nitric acid concentration (say, typically more than 3 M), the strong oxidizing power of the solution stabilizes the passive film, despite the solution acidity. So, cleaning the stainless steel with a HNO) (0.2 M) solution in fact partially provokes the passive film dissolution. The result is the presence of a fresh hydrophobie passive film, irrespective of the initial surface condition (2B or 2RB). On the contrary, cleaning the surface with a HNO) (4 M) solution reinforces the existing passive layer, providing a higher wettability, irrespective of the initial surface condition.
Influence of the wellability of metallicsurfaces on the bacterialadhesion
The adhesion of Streptococcus thermophilus is very substratum-dependent. Bacterial adhesion is higher on hydrophilic surfaces than on hydrophobie surfaces. However, there is no direct relationship between the number of adhering bacteria and the surface free energy or wettability of solids, as previously mentioned. It has been shown that bacterial adhesion increases with 'Ys on apolar stainless steel surfaces. These results are in accordance with previous data obtained on polymerie surfaces [Il, 14] . Concerning polar solid surfaces, it was observed that the number of adhering bacteria also increased with 'Ys.This non-linearity can be due to the favourable or unfavourable role of polar interactions in bacterial adhesion; thus, these findings indicate that bacterial adhesion depends on the balance between 'Y~and 'Y~and not on the total 'Ysor wettability of metallic surfaces. 
CONCLUSION
Il has been shown that the wetting behaviour of the stainless steel AISI 304 2B and 2RB finish surfaces is strongly influenced by the cleaning process. For the same stainless steel surface, it was possible to obtain a low or a high surface energy depending on the cleaning treatment. Modifications in the solid surface energetic characteristics influence the bacterial adhesion in accordance with the thermodynamic predictions when the spreading pressure is accounted for in the YB determination. The adhesion of Srreprococcus rhermophilus, which is a sensitive substratum surface strain, is driven by the balance between Y~and Yã nd not by the total Ysor wettability of metallic surfaces. Polar interactions can reduce bacterial adhesion to stainless steel surfaces.
